The effects of cesium (Cs) ion-implantation on uncured and ultraviolet (UV)-cured plasmaenhanced chemical-vapor-deposited (PECVD) organosilicate low dielectric constant (low-k) (SiCOH) films have been investigated. The mechanical properties, including the elastic modulus and hardness, of the SiCOH low-k films are improved by up to 29.9% with Cs implantation, and further up to 51.8% after annealing at 400°C in a N 2 ambient. These improvements in mechanical properties are attributed to an enhancement of the Si-O-Si network structure. The kvalue of the SiCOH films increased slightly after Cs implantation, and increased further after annealing. These increases are attributed to two carbon-loss mechanisms, i.e. the carbon loss due to Si-CH 3 bond breakage from implanted Cs ions, and the carbon loss due to oxidation during the annealing. These results indicate that Cs ion implantation could be a supplement to or a substitution for the incumbent UV curing method for processing SiCOH low-k films.
Low dielectric constant (low-k) dielectrics are needed to meet the performance and power consumption requirements of modern integrated circuits. Typically, these low-k dielectrics are organosilicate glasses. They are generally made of silicon (Si), carbon (C), oxygen (O) and hydrogen (H), which are called SiCOH, SiOCH, or SiOC:H. 1 To lower the value of k even more, sacrificial components, called porogens, are introduced and subsequently removed to form porous ultra-low-k dielectrics. 2, 3 Unfortunately, the introduction of pores significantly weakens the mechanical properties of the resultant porous dielectric and renders it susceptible to processinduced damage. 2, 4 As a result, such porous low-k dielectrics are extremely difficult to work with and pose significant challenges to continued scaling of integrated circuits.
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In this work, the effects of a "dry" Cs ion-implantation in SiCOH are investigated. The goal is to determine whether the advantages previously obtained using wet chemistry could be obtained using Cs ion-implantation, thus being a potential supplement to or even a substitution for the incumbent UV curing method.
Two types of nonporous SiCOH low-k films deposited on (100) Si substrates with PECVD were used in this work; One set of films was uncured and the other was UV cured 12 . Neither of these two films had porogens involved in their forming process. Three uncured film samples were implanted with Cs ions under three different conditions. The cured film was not implanted, but used as a comparison. The film properties and implantation conditions are summarized in Table I . Note that the unimplanted samples are labeled with letters A and B, while the implanted samples are labeled with numbers 1 to 3. The Cs doses were chosen such that the relative atomic concentrations in the low-k film varied from 20 to 200 ppm, assuming a uniform Cs distribution within the film. The ion-implantation energy was chosen to be 100 keV, based on a TRIM-code simulation 13 . The simulation predicted that 100-keV Cs ions have a projected range between 100 and 110 nm. This range is approximately in the center of the film. All the implanted samples were subsequently annealed in an atmospheric-pressure nitrogen ambient for one hour at 400°C
, in order to redistribute the Cs atoms more uniformly within the film.
Ellipsometry was used to measure the film thickness after each step of the procedure. Figure   1 shows the results. It can be seen that all the implanted films shrank slightly after implantation, and shrank even more after annealing. This matches the observations in previous work using the wet chemistry.
of this technique can be found in a previous publication. 14 values. Thus, the data points in the low-load region (left half of curves) can better measure the film properties, since under these loads, the effect of the substrate is minimal. 14 The hardness and modulus data for each sample were averaged over the range of h between 1.2 and 2.0. The results are shown in Table II . It can be seen that all the Cs-implanted samples (Samples 1, 2 and 3) show improved elastic modulus and hardness compared with Sample A (uncured unimplanted). The more heavily doped samples show greater improvement, up to 56 percent, in both mechanical properties, especially after annealing. Furthermore, after annealing, Samples 2 and 3 exhibit a comparable elastic modulus and hardness compared with Sample B (UV cured unimplanted).
Note that the above method reveals only the relative improvements of the mechanical properties from Cs-implantation and annealing. The true elastic modulus, which is an intrinsic property of the film itself, cannot be determined using this method. [14] [15] [16] A possible technique to determine the absolute value of the elastic modulus is proposed here by utilizing a model developed by Stone. 15 The model uses the substrate properties along with a range of possible absolute elastic moduli of the film to obtain a set of parametric curves. In Figure 2 (a), the curves based on Stone's model (hollow symbols) are plotted. In principle, by comparing the experimental curves in the low-load region to the parametric curves, one may determine the true elastic moduli of the film. 14 However, because of the small thicknesses of the films, it was not possible to obtain sufficient data in the low-load region to determine the modulus directly. Thus, the averaging method described above was used to demonstrate the improvement of the film mechanical properties.
To understand the basis for these improvements, Fourier-Transform Infra-Red spectroscopy with Sample A (uncured unimplanted film), the Cs-implantation changes the majority of the Si-O-Si bonds from being a cage structure to a network structure. Higher Cs doses lead to a higher network-structure peak. This change contributes to the improvement of the mechanical properties.
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To examine the electrical properties of these films, Capacitance-Voltage (C-V) measurements, utilizing a metal dot/dielectric/silicon structure and a pin-probe station, were performed to find the k-value of the samples. The setup details can be found in a previous publication. 18 The measurement was done in ambient air and humidity. The results are also shown in Table II Figure 3 . In Figure 5 , by comparing as-implanted but not annealed Sample 3 with Sample B, it can be seen that Cs implantation and UV curing produce similar levels of overall carbon loss. Given the reasons for the two mechanisms of carbon loss in Sample 3, it is reasonable to believe that reducing the implantation energy for thinner films than those used here while optimizing the annealing conditions, may also help to suppress both the carbon loss and the concomitant increase of the k-value. 
